Mulching is known as one of the fastest strategies to control wind erosion and sand dunes movement. We hypothesized that mixed micro silica with clay, gypsum and clay-gypsum as mulches will increase shear strength, threshold friction velocity and decrease soil losses of drifting sands. For this purpose, mixture of micro silica rates (0, 1, 5, 10, 15 and 20%) with clay, gypsum, and clay-gypsum applied on sand surfaces. After 60 days of mulching, shear strength, the threshold friction velocity and soil losses at a wind speed of 15 m/S at the height of 20 cm for 20 min. The results of this research revealed that the addition of 10% of micro silica in combination with clay and clay-gypsum increased the shear strength up to 10.6 and 37.5% and the threshold friction velocity up to 45.2 and 48.5%, respectively and decreased soil losses up to 100% in comparison with the samples without micro silica. Adding micro silica to gypsum had no considerable effect on shear strength, threshold friction velocity and soil losses. It was concluded that no pozzolanic reaction occurred between micro silica and gypsum and it was found that improvement in mechanical property and erodibility of clay-gypsum mulch was probably due to the pozzolanic reaction between micro silica and clay. Application of 10% of micro silica in combination with clay or clay-gypsum is therefore recommended as suitable mulch.
Introduction
Wind erosion and encroachment of drifting sands are critical processes of desertification which impose serious damages to agriculture, natural resources and industries as well as other major substructures. Threshold friction velocity is known as an indicator of soil erosion potential (Bagnold, 1941, p. 265) . Wind speeds higher than threshold friction velocity of the soil are able to transport particles from the surface and to create dust storm (Denison & Hookham, 1996) . The eroding ability of wind depends on its physics such as velocity (Liu et al., 2007) . The soil surface is eroded by the shear tension of the wind unless it is protected by a suitable protective factor (Cornelis, Gabriels, & Hartmann, 2004; Vidal, Vivas Miranda, & Paz Gonzalez, 2005) . The increase in the soil surface resistance against the shear tension of wind flow is the key factor to combat the wind erosion (Naghizade Asl, Asgari, Emami, & Jafari, 2017) . Soil stability indices are considered as effective factors against wind erosion. Surface shear strength (SS) related to the soil stability is indicator of the soil resistance against the movement of particles and is the result of bonds between soil particles (Amiri Khaboushan, Emami, Mosaddeghi, & Astaraei, 2018; Keller, Arvidsson, Dawidowski, & Koolen, 2004) . This index should be studied to analyze the soil surface resistance against imposing forces such as wind (Wojciga, Bolte, Horn, Stepniewski, & Bajuk, 2009; Al-Dulaimy, 2016a, and 2016b) .
Mulching is known as a common traditional practice for stabilization the drifting sands. Among the most practical mulches including vegetative residues, biological geotextiles, gravels etc., oil mulch is discarded due to risky environmental impacts (Fadhil, 2002) . Recently, the application of naturally accessible materials as affordable mulches has attracted more attention. These materials including clay, gypsum and others with cementitious properties are very important in arid and semiarid areas due to the abundance of natural resources. Clay mulches are resistant against wind flow but they are eroded when exposed to air born particles (Majdi, 2004) . Gypsum as a soil amendment containing calcium is very important in improvement of soil physical properties and the enhancement of the stable particles (Alcordo & Rechcigl, 1995; Emami & Astaraei, 2012; Emami, Astaraei, Fotovat, & Khotabaei, 2014) . It adheres the soil particles and protects them against degradation by wind erosive forces. Increasing the soil mechanical resistance and decreasing the erodibility of soil particles requires the use of stabilizers with cementitious properties. Enhancement of surface soil strength using different materials including cement, lime, calcium chloride, ash, organic polymers and tar emulsions has been used for many years. The finer stabilizer size of grouting these material fill the pore space among the soil particles which in turn lead to less porosity between particles and higher soil strength due to the more coherence among particles (Kalkan, 2009) .
Micro silica is very fine non crystalline material which is produced in electric arc furnace as a byproduct of the production of elemental silicon or alloy (Negi, Yadav, & Singhai, 2013) . It is mainly composed of silicon oxide (more than 90%) and some other composites like calcium oxide, aluminum oxide and carbon (Negi et al., 2013; SFA 2000) . This material has been extensively used to increase the stability of structures and to stabilize different soils in civil engineering (Kalkan & Akbulut, 2004; Kalkan, 2008; King, 2012; Jaber, 2015a and 2015b; Alrubaye, Hasan, & Fattah, 2016 .
The improvement in the mechanical properties of clay is related to the amount of added micro silica and therefore to the amount of surface available for pozzolanic reaction between SiO 2 in micro silica and Ca(OH) 2 in clay ((Eq. (1)); Al-Azzawi, Daud, & Abdul Sattar, 2012). Kalkan (2009) found that micro silica can react with calcium hydroxide in clay due to its extremely fine particles, high specific surface area and high active silica content and form hydrated calcium silicate gel which covers clay particles and adheres them strongly.
In fact, Silica fume improves strength through two mechanisms: 1) Pozzolonic effect; application the micro silica as a strong pozzolanic material containing large amounts of active silica (SiO 2 ) to clay and clay-gypsum increases mechanical resistance due to providing more silicates and enhancing the pozzolanic reaction with gypsum and as a result, forming the resistant calcium silicate hydrate precipitation [Ca(SiO 3 )], and 2) Micro filler effect; Silica Fume is an extremely fine material. This micro filler effect greatly improves aggregate bond around sand particles. Thus, the silica fume reacts to clay and gypsum provides high strength against wind force. However, Tokarev et al. (2017) reported no pozzolanic reaction occurred between micro silica and gypsum, therefore shear stress was not changed when micro silica rate increased.
Considerable improvement in geotechnical properties by increasing the micro silica content up to 20% was reported by Negi et al. (2013) in clay soils. Gupta and Sharma (2014) also reported that the usage of micro silica improved the engineering properties of clay. Naghizade Asl et al. (2017) found that the shear strength of micro silica-lime-clay mulch increased significantly when the micro silica increased from 0 to 10 percent after 7 and 60 days. Alrubaya et al. (2017) found that the micro silica and lime combination were effective to increase the shear strength of clay and the maximum strength was occurred for 7% of lime and 4% of micro silica. Jafer, Obaid, and Hadi (2013) concluded that the addition 3% of micro silica to a clay stabilized with 18% lime increased the clay strength from 3 to 13.5%. Abbas (2013) also showed that the combination of 2.5% of lime with 6% of micro silica could improve the clay shear strength.
The production an affordable eco-friendly and resistant mulch against the wind forces is essential in areas which are subjected to wind erosion in short term periods. Hence, we hypothesized the combination of micro silica with clay and gypsum can effectively increase the shear strength, threshold friction velocity against wind forces, and consequently decrease the soil losses and expect the higher rate of micro silica will be more effective to control wind erosion. Therefore, the aim of this study was to investigate the cementitious effect of micro silica rates which was mixed with clay, gypsum and clay-gypsum as mulches on shear strength, threshold friction velocity and soil losses in order to stabilize the drifting sands.
Materials and methods

Preparing materials
Sand was collected from Rig-Boland sand dunes in the southern Kashan, Iran (Fig. 1) . The sampling area was located at 33 45 to 34 15 N and 51 30 to 51 45 E. Grain size analysis was performed according to ASTM D422-63 (2007) . The uniformity coefficient (Cu) and the curvature coefficient (Cc) of sand particles which classify them as well or poorly graded are given by Eqs. (2) and (3), respectively.
here, term D 60 , D 10 , and D 30 are grain diameters below which 60, 10, and 30% of particles exist. When the value of CC is in between 1 and 3, the sand or gravel is said to be well graded. Also, the smaller coefficient of uniformity value means that the sample gradation is uniform. Cu and Cc of the studied sand particles were 1.44 and 1.8, respectively, therefore they are uniforms. The particle size distribution and some chemical properties of the studied sand are shown in and Table 1 . Natural clay used in the present study was sampled from clay pans in Maranjab desert located in central area of Iran. Some chemical properties of the studied clay has been shown in Table 1 . According to Table 1 , lime content in both sand and clay is high which it can strengthen chemical reactions when sand soil treated with micro silica mulches. Micro silica was purchased from an Iranian Company which its properties have shown in Table 2 .
Preparation of treatments
The amount of natural clay used to produce clay mulch was 200 g and micro silica was added at 6 different rates of 0, 1, 5, 10, 15 and 20% by weight of dry clay. Also, in the case of clay-gypsum mulch, the amount of natural clay and gypsum were fixed at 200 and 10 g, respectively, while the amounts of micro silica were 0, 1, 5, 10, 15 and 20% by dry weight. In addition, the amount of 10 g of gypsum was added to the same 6 different rates of micro silica to prepare gypsum mulch (Table 3 ). Based on 6 micro silica rates for each mulch at 3 replicates, Generally 54 combinations of these materials were prepared. Trays with the sizes of 100 cm (length) Â 30 cm (width) Â 2 cm (depth) filled with sand particles and mulches were applied on sand surfaces. The treated sands were placed outdoors.
After 60 days of mulching (Hazirei & Zare Arnani, 2013) , shear strength, the threshold friction velocity and soil losses at a wind speed of 15 mS À1 at the height of 20 cm for 20 min, similar to the strongest storm of the studied area were measured on treated sands. We chose this wind speed due to the fact that when mulches could resist against the strongest storms then they would resist against lower wind speeds of the studied area. Wind erosion meter was used to measure the soil losses and the threshold friction velocity.
Laboratory tests
2.3.1. Shear strength test A shear vane was applied to measure the shear strength at the surface of treatments which it was determined the in-situ shear strength of treatments (Khalili Moghadam, Jamili, Nadian, & Shahbazi, 2015) . It consisted of a rotating handle and 3 vanes for different ranges of shear strength. Vanes could dip into the soil up Table 3 Different compositions of micro silica mixed with clay, gypsum and clay-gypsum used as mulches (figures for micro silica are the amounts in gram calculated by dry weight of clay).
Mulches Composition Abbreviation
Micro silica-Clay 200 g clay þ 0 g micro silica (control, 0%) CMS0 200 g clay þ 2.5 g micro silica (1%) CMS1 200 g clay þ 12.5 g micro silica (5%) CMS5 200 g clay þ 25 g micro silica (10%) CMS10 200 g clay þ 37.5 g micro silica (15%) CMS15 200 g clay þ 50 g micro silica (20%) CMS20 Micro silica-Gypsum 10 g gypsum þ 0 g micro silica (control, 0%) GMS0 10 g gypsum þ 0.1 g micro silica (1%) GMS1 10 g gypsum þ 0.5 g micro silica (5%) GMS5 10 g gypsum þ 1 g micro silica (10%) GMS10 10 g gypsum þ 1.5 g micro silica (15%) GMS15 10 g gypsum þ 2 g micro silica (20%) GMS20 Micro silica-Clay-Gypsum 200 g clay þ 10 g gypsum þ 0 g micro silica (control, 0%) CGMS0 200 g clay þ 10 g gypsum þ 2.5 g micro silica (1%) CGMS1 200 g clay þ 10 g gypsum þ 12.5 g micro silica (5%) CGMS5 200 g clay þ 10 g gypsum þ 25 g micro silica (10%) CGMS10 200 g clay þ 10 g gypsum þ 37.5 g micro silica (15%) CG MS15 200 g clay þ 10 g gypsum þ 50 g micro silica (20%) CGMS20
to 8 mm depth and the handle was rotated until the failure occurred in the mulch structure taking 5e10 s (Fig. 2) . The shear strength was measured at 3 points for each sample.
Soil losses and threshold friction velocity
Wind erosion meter was used to measure the soil losses and the threshold friction velocity (Greely et al., 1974) . The apparatus is composed of three major parts: 1) the wind producing fan, 2) metal wind tunnel and 3) depository. Wind speed was measurable by a manual anemometer and it was adjustable within the wind tunnel (Fig. 3) . To do measurements, the sand trays were placed inside the wind tunnel, so that the trays surfaces were at the same level of the tunnel floor. The threshold wind speed was defined as the velocity at which sand particles were initially detached from the soil surface. Measurements were made based on visual detection (Bagnold, 1941, p. 265; Gillette, Adams, Muhs, & Kihl, 1982) . For this purpose, the wind speed in tunnel gradually increased until sand particles were detached from the treated tray. At this wind speed which suspended sand particles were observed in wind tunnel were regarded as the threshold friction velocity. Glasses installed in the metal wind tunnel walls made it possible to observe the trays and the movement of particles. The threshold friction velocity of sand erosion were compared. Also to determine the soil losses, mulched trays were subjected to a wind speed of 15 ms À1 (the maximum wind speed in this area) at the height of 20 cm for 20 min. The amount of the eroded sand from the depository was then weighed and data were represented in kgm À2 h
À1
.
Results
Shear strength
The values of shear strength for mulches which were prepared from micro silica rates with clay, gypsum and clay-gypsum are represented in Fig. 4 . It is obvious from this figure that in the case of clay and clay-gypsum mulches the shear strength increased considerably with the increase in micro silica rates. When micro silica rates increased to an optimum value of 10%, shear strength of the two mulches was severely increased. It seems that a large amount of micro silica (15 and 20%) even decreased the shear strength of these mulches.
Threshold friction velocity
The results of wind tunnel tests (Fig. 5) revealed that clay mulch increased the threshold friction velocity considerably (45.2%) and it was more effective when micro silica content increased from 0 to 10%, but the increase in the threshold friction velocity was negligible (less than 1%) at higher rates of micro silica (15 and 20%). Also, the addition of micro silica up to 20% to clay-gypsum increased the threshold friction velocity, so that the increase in threshold friction velocity was considerable (45.8%) when micro silica rate increased from 0 to 10%, however it was negligible (1.6%) when micro silica increased from 10 to 20%. The best results for threshold friction velocity at 10% of micro silica, as an optimum rate, were obtained 15.15 and 15.5 mS À1 which were 45.2 and 48.5% more than those of 0% micro silica for clay and clay-gypsum mulches, respectively.
Soil losses
The results of soil losses versus micro silica rates for clay, gypsum and clay-gypsum mulches are represented in Fig. 6 . Application the micro silica rates to clay and clay-gypsum mulches decreased soil losses considerably so that no soil erosion was found at an optimum value of 10% micro silica, which led to 100% reduction in soil losses in comparison to 0% of micro silica. In addition, no change was found in soil losses in the case of micro silica-gypsum mulch.
Relationship between shear strength, threshold friction velocity, and soil loss
A graph of measured threshold friction velocity and soil losses as function of shear stress is shown in Fig. 7a and b. Measured threshold shear velocities and soil losses were observed to be a linear function of the shear stress. The results of correlation analysis showed that there was a positive significant correlation (P < 0.01) between shear strength and threshold friction velocity (r ¼ 0.92, Fig. 7a ). Also both parameters had a negative and significant correlation (P < 0.01) with soil loss (Fig. 7b and c) .
Discussion
From Fig. 4 , it can be observed that the shear strength increases as the micro silica rates increases. It was found that combination of clay and clay-gypsum with micro silica increased the shear strength considerably, and when micro silica rates increased to an optimum value of 10%, shear strength of the two mulches was severely increased. So that, the highest value for shear strength was obtained at 10% micro silica which was 10.6 and 37.3% more than those of 0% micro silica for clay and clay-gypsum mulches, respectively. The high resistance of the sand particles to be moved by the wind is both due to the cohesion of the particles and to their small size which does not permit them to protrude above the laminar boundary layer. Enhancement the shear strength due to micro silica can be attributed to the pozzolanic reaction between active SiO 2 in micro silica and Ca(OH) 2 in clay as a result of formation the hydrated calcium silicate (CSH) which increases the mechanical characteristics of clay (Giath & Al-Sharify, 2011) . On the other hand, the studied sand and natural clay contain 32.1 and 18.5% lime (Table 1) . Therefore, the addition of micro silica as a strong pozzolanic material containing large amounts of active silica (SiO 2 ) to lime-clay/gypsum combination increases the shear strength due to providing more silicates and intensifying the chemical binding with lime and as a result producing more calcium silicate hydrate precipitation. In addition, when clay and gypsum simultaneously are added to sand particles, Ca þ2 cations of gypsum can occupy exchangeable sites of clay particles, bind them, and act as a cement between the sand particles. As result of this, shear strength of treated sands increase. It seems that the decrease in shear strength of mulches at higher rates of micro silica (15 and Fig. 2 . Shear vane to measures shear strength.
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20%) may be attributed to saturation of empty spaces in the soil with micro silica, so that the pozzolanic reaction between the additional micro silica and lime-clay/gypsum decreased due to lack of clay-lime (Naghizade Asl et al., 2017) . Therefore, the additional micro silica was not effective in increasing the shear strength.
Also, it was concluded that increasing the micro silica content from 0 to 20% did not affect the shear strength in gypsum mulch. Probably due to lack of clay particles no agglomeration and cementation of drifting sands was occurred. On the other hand, no hydrated calcium silicate was formed in gypsum mulch matrix. Therefore, no significant change was found in shear strength of gypsum mulch. According to these results, it seems that the application of 10% of micro silica-clay-gypsum mulch is the best mulch to increase the shear strength.
Reduction of wind velocity near the ground surface is the main method to prevent wind erosion of soil. This was made from wind tunnel tests in this study. Similar to shear strength, clay and claygypsum mulches increased the threshold friction velocity considerably when micro silica rate increased from 0 to 10%, but contrary to our expectation the increase in the threshold friction velocity was negligible at higher rates of micro silica (15 and 20%). The threshold friction velocity of clay and clay-gypsum mulches can probably attributed to the fact that micro silica binds clay particles, hardens them and forms hydrated calcium silicate gel and as a result of these processes, the soil particles bind more severely (Bell, 1993; Giath & Al-Sharify, 2011) due to Ca þ2 of gypsum. On the other hand, pozzolanic reaction of active silica (SiO 2 ) to lime-clay/ gypsum, hydrated calcium silicate can precipitate between sand particles. Consequently, micro silica and clay particles fill the space between sand particles and this silica filler effect greatly improves aggregate bond around sand particles. Thus, the silica fume reacts to clay and gypsum produces a hard layer on the surface and provides high strength against wind force. Therefore, the resistance of mulches increases against imposed forces including wind. Usage the different rates of micro silica and gypsum did not change the threshold friction velocity. Naghizade Asl et al. (2017) found that by application of micro silica-lime-clay mulch the maximum threshold velocity of wind erosion at the 20% of micro silica rate (13.75 mS À1 ). Similar to our results, they concluded that after 60 days, the threshold friction velocity of wind erosion did not significantly changed when micro silica increased from 10 to 15%. According to the results of this research, threshold friction velocity at 10% of micro silica-clay-gypsum mulch were 15.5 mS
À1
, which it's greater than the micro silica-lime-clay mulch in literature (e.g. Naghizade Asl et al., 2017), therefore, it seems that the mixture of 200 g clay and 10 g gypsum with 10% micro silica is more effective than the micro silica-lime-clay mulch.
As mentioned before, simultaneous application the micro silica with clay and clay-gypsum decreased soil losses considerably so that no soil erosion was found when an optimum value of 10% micro silica was used. Micro silica is a chemical stabilizer which forms a strong silicate crust within its substrate through a strong pozzolanic reaction with the available source (Naghizade Asl et al., 2017) such as clay and gypsum. Electrostatic force is the key force in inter-particle cohesion. Along with being a pozzolanic reactive material, extremely fine particles of micro silica create interparticle forces between sand particles and consequently improves soil structure thereby forms dense stabilized soil (Kalkan, 2009) , as a result of these, soil erosion decreases.
Similar to our results, Naghizade Asl et al. (2017) found that reduction in soil losses of drifting sands due to micro silica-limeclay mulch was probably due to the pozzolanic reaction between micro silica and calcium hydroxide which led to precipitation of hydrated calcium silicate. This gel can enhance mechanical properties of mulch, thereby control and decrease the wind erosion. This is probably the why mentioned mulches could resist against high wind speed of 15 m S À1 at the height of 20 cm for 20 min. Contrary to our expectation, no change was found in soil losses in the case of micro silica-gypsum mulch. It seems that micro silica couldn't react with gypsum and as a result of this no hydrated calcium silicate gel was formed to bind particles more strongly. According to our results, 10% of micro silica with clay/clay-gypsum mulches was the optimal percentage of micro silica, because not only shear strength, threshold friction velocity, and soil losses among these treatments (CMS10 and CGMS10) and higher rates of micro silica had no significant differences, but also soil loss as well as higher rates of micro silica was zero at high wind speeds of 15 m S À1 (in wind tunnel at the height of 20 cm for 20 min). Shear strength is the greatest single factor influencing the threshold friction velocity and soil losses. The results of correlation analysis indicated that as the shear strength increases, the threshold shear velocity increases and soil losses reduced. From our wind tunnel tests (Fig. 7a) , we found that the threshold friction velocity increased with the shear stress increases and vice versa soil losses reduced (Fig. 7b) . As it mentioned before, precipitation the calcium silicate hydrate (due to pozzolanic reaction and the chemical binding) has been led to cementation the sand particles and formation the hard crust at surfaces of treated sands, therefore shear strength of studied mulches has been increased. As result of this, threshold friction velocity has been increased and soil losses reduced. Thus the negative correlations were fund between Shear strength-soil losses (r ¼ À0.93), and threshold friction velocity-soil losses (r ¼ À0.97).
Also, from Fig. 7b and c, we can observe that the range of soil losses varied widely in different treatments and was dependent on the range of the shear strength and threshold friction velocity. The relationship between shear strength versus threshold friction velocity and soil losses showed that there exist an optimum shear strength for maximum threshold friction velocity and minimum soil losses is 44 kN m À2 . In addition, it should be considered the less threshold friction velocity, the higher soil losses, and when the threshold friction velocity reached to 15.75 m S
, the soil losses was zero.
Conclusion
Application an affordable eco-friendly and resistant mulch to combat wind erosion is essential in arid lands which are subjected to wind erosion. In the present study the effect of micro silica rates in mixture with clay, gypsum and clay-gypsum as mulches on shear strength and erodibility of drifting sands against wind forces was investigated. According to the results, shear strength, and threshold friction velocity of clay and clay-gypsum mulches increased and soil losses at high wind speeds of 15 m S À1 (in wind tunnel at the height of 20 cm for 20 min) decreased with an increase in micro silica rates. However, increasing the micro silica rate to gypsum mulch did not change these parameters. Adding micro silica as a strong pozzolanic material containing large amounts of active silica (SiO 2 ) to the combination of clay and clay-gypsum increases the composite mechanical properties due to providing more silicates and enhancing the pozzolanic reaction with gypsum and as a result, forming the resistant calcium silicate hydrate precipitation [Ca(SiO 3 )]. Optimal percentage of micro silica for improving shear strength and sand reduction the erosion for clay and clay-gypsum mulches was 10%, therefore 10% of micro silica with clay/claygypsum are recommended to stabilize the drifting sands against wind erosion. Therefore, in windy arid lands which the precipitation is low, soil surface is dry, or soil structure is poor or no soil structure, and crop cover is weak, 10% of micro silica as optimal rate in combination with clay and clay-gypsum is recommended to enhance the shear strength, threshold friction velocity and to combat the soil erosion against wind. Although, despite the good results of this research, long time (more than 60 days) investigation is recommended to use these mulches against wind erosion. 
